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EFFECTS OF REPRODUCIBLE MAGNETIC FIELDS
* ON THE GROWTH OF CELLS IN CULTURE

This report presents the final results of studies performed in both
high and very low magnetic fields. A description of the fields used was
presented in a previous report (Q-B2375-3).

The data represent the combined results of all experiments per-
formed during the course of this study. Some of these data had been presented
in preliminary form in previous reports. The experiments conducted during
this study are summarized as follows:

Very low magnetic fields

Euglena gracilis

ColEidium
P. caudatum

P. multimicronucleatum

Chlorella pyrenoidosa

Clover seeds

Wheat seeds and seedlings E

|

High magnetic fields |
i

Euglena ‘

P. multimicronucleatum

During the entire course of this study, as many of the environmental
parameters as feasible were maintained constant. Lighting was maintained uniform
by using a bank of 32 fluorescent lamps consisting of 16 LO watt cool white

(FLO-CWX) and 16 L0 watt Gro-Lux (FLO-GRO) lamps. The lighting was cycled 1L
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hours on and 10 hours off. Temperature was remarkably constant. The air
temperature was recorded at 21°C on a Honeywell 7-day recorder. No variation
was observed. The temperature of the culture medium, however, was noted daily
with no daily fluctuation, but the range within the different culture jars
was from 23.4° - 23.8°C. Relative humidity was not significant since 1iquid
cultures were used; nevertheless the relative humidity of the chamber was held
between L8 - 52% R.H.

With the exception of Euglena and Chlorella which were grown in Knop's

solution, the other protozoa were cultured in a rice-milk medium (0.3 g powdered
skim milk, 1 liter Ag. dist., 5 grains of boiled white rice).

A1l cell counts were made with a Model B Coulter Counter. These counts
were verified by visual means using the Sedgwick-Rafter meﬁhod with a Dunn
counting chamber. A detailed description of the physical environment and
methods used are given in a previous report (Q-B2375-3).

For the high magnetic field studies, control cultures were placed in
relation to wooden blocks of the same size, color and configuration as the
magnets. In the low field studies, control cultures were maintained in aluminum
Cyliﬁders of the same dimensions as the high permeability metal shields. Both
cylinders, experimental and control, either were painted on their internal
surface with flat white paint (3 M Velvet Coating, 101-A10 white) or were lined
with white paper toweling. Experimental and control cultures were set up in
pairs and were run simultaneously. Any change or modification of the
enviromment that might occur due to factors or events beyond the investigator's

control would apply equally to both experimental and control cultures. In
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extreme cases, experiments were discontinued and started over again. (This

occurred in two instances when there was a power failure over the week end.)

EXPERIMENTAL RESULTS

Very Low Magnetic Fields (less than one milligauss)

Fifty separate cultures of Euglena gracilis were grown for periods

up to 21 days, with samples taken every seven days. Each sample consisted of
five aliquots which were counted in the Coulter Counter and averaged. The data
are shown in Table I.

Twenty-four cultures of Chlorella pyrenoidosa (71105) were grown

for eight days in Knop's solution, with 1% CO, in air bubbled through the

2
solution continuously at the rate of 500 ml/min. Samples were taken at the
end of three, five and eight days, each sample consisting of five aliquots.
Cells were counted electronically in the Model B Coulter Counter and
averaged. The data are summarized in Table II.

Fifteen cultures of Colpidium were grown in a milk-rice medium for
21 days with samples taken at the end of seven and fourteen days. Each sample
consisted of five aliquots which were counted in the Coulter Counter. Since
an electrolytic medium is required in making electronic cell counts, the Coulter
Counter was set and calibrated for Knop's solution as the electrolyte. In
preparing the Colpidium samples for counting, a ten-fold concentration of one

part of Knop's solution was diluted with nine parts of the Colpidium culture.

The data obtained are presented in Table III.
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Q-Bz375-4
Twenty-four cultures of Paramecium were grown on the milk-rice
medium for 21 days in the very low magnetic field. These cultures were divided

between Paramecium caudatum and Paramecium multimicronucleatum as follows:

P. caudatum - 12 cultures, P. multimicronucleatum - 12 cultures.

The same procedure was followed as that used with Colpidium (see
above). The experimental results are summarized in Table IV.

A total of 3500 white clover seeds were used in experiments to
determine the effect of a magnetically field-free environment on seed germination.
The seeds were germinated on a weighed quantity of white, ashless filter paper
pulp to which was added a measured volume of water. Three experiments were
conducted: (1) germination of seeds in the experimental environment, (2)
germination of seeds in experimental and control environment after one month
pre-storage under experimental conditions, (3) same as (2) above but after three
months pre-storage under the experimental conditions,

The germination percentage for this vatch of cluver seeds, as slaled Ly
the seed packer, as of July 196L was 70% with an analysis of 98% pure white
clover containing 20% hard seeds.

The experimental results are presented in Tables V, VI and VII.

As an extension of the clover seed study, 750 wheat seeds were allowed
to germinate and develop to the seedling stage in the low magnetic enviromnment.
The wheat seeds were germinated and grown on a mixture of equal parts by volume
of perlite, silica, and white ashless filter paper pulp. Weighed quantities
of this mixture were moistened with measured amounts of tap water. After seven
days, the growing shoots and roots were measured and compared with the controls.

The results are summarized in Table VIIT,.
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TABLE V

Percent Seed Germination in a "Zero" Magnetic Field (1750 seeds)

Hours Experimental Control
2l 32% 33%
31 52% 50%
L8 8L% 69%

TABLE VI

Percent Seed Germination after 1 Month Pre-Storage in a "Zero"

Magnetic Field (1500 seeds)

Experimental Control

Time in Hours Al E2 Al E2
2l 35% 17% 32% 19%
31 53% 32% S1% 30%
L8 89% L% 69% 67%

1. A - seeds stored under ambient conditions
2. E - seeds stored under experimental conditions

TABLE VIT

Percent Seed Germination after 3 Months Pre-Storage in a "Zero"
Magnetic Field (1250 seeds)

Experimental Control

Time in Hours At o At E°
2l 29% 27% 35% 3L%
31 51% L1z Loz 50%
L8 79% 62% 69%  69%

1. A - seeds stored under ambient conditions
2. E - seeds stored under experimental conditions




Q-B2375-UL
TABLE VIII

Growth of Wheat Seeds (750 seeds) after One Week Exposure to a

Experimental
Control
1.
2.

"Zero" Magnetic Field

Percentage Growth Growth
Germinationl Root Length2 Difference2 Shoot, Length2 Difference2

78% L2 + 12 mm 73 + 31 mm

5+ 3 mm 8 +5 mm
79% 37 +11 mm 65 + 30 mm

Based on 750 experimental and 750 control seeds
These values represent the mean of the parameter under mnsideration
with the variation representing the average difference from the mean.

High Magnetic Fields

The fields used in this portion of the study were generated by large

permanent magnets (surplus magnetron magnets). Various gap distances were used

in the several magnets to give the desired field strengths. These may be listed

b
(0]
X

N1 1oturg e
CLICWS?

Magnet Field Strength
1 100 - 800 cersteds
1A 400 - 800 "
2 550 -1100 "
2A 90 - 120 L
3 250 - 375 "
34 550 -1100 m
L 250 - L0O n
LA 100 - 125 "
5 80 - 100 "
SA 80 - 90 "
6 90 - 120 "
6A 1,00 - 800 L

- 10 -
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In the magnetic field studies, each experimental configuration con-
sisted of a magnet and its control. In each case the control was a wooden
dummy of the magnet, same size, shape, gap, color, etc. The magnet and its
control were placed under the same bank of lights and each experimental-control
pair was treated as a unit.

Fuglena gracilis cultures were exposed to six different magnetic

fields continuously for 28 days, samples were taken every seven days and counted
on the Coulter counter. Four such replicates were made over a L-month
period. The resultant data are summarized in Table IX.

The effect of exposure to magnetic fields greater than ambient as

compared to controls is summarized in Table X. These data represent the

otal
average of all experiments in all magnetic fields (combined).
A similar series of experiments was performed over a 21 day period

using Paramecium multimicronucleatum. Six additional magnets were used, but

each was of the same field intensity, gap dimensions, and configuration as
those used in the Euglena experiments. This series was repeated twice over a

2-month period. The resulting data are summarized in Table XI.

DISCUSSION
In examining the data, it may be noted that four cell-systems were

used in the low field studies. These included Euglena, Colpidium, Paramecium,

and Chlorella. This choice represents two simple animals and two simple plants
of different cell size ranges.

This cell size range is represented as follows:

-1 -




S8T3TBULUT PTETJ OT}oUdeU JUaIaJJIP XTS BUTI8A00 saanqTno g Jo e8egaay °T
92T G°€T OQOTET ooffT | 576 0°9 0020T 0698 |0°S O°N 0825 02f jo*€ o0°€ 0s€€ 0€£62 090T | &
§°ST  S°€T  00€9T  o02hT | 5°6 '8 OOTOT 0868 {0°S9 S°f ones of9n lo°€ 0°¢ 02€€ 020€ 090T VM
0*MT  S*€T  0COo6NT ooehT | 0'6 0°6 0LE6 0T€6 |s5°s g1 0LLs 09gh [o*€ 0°€ o0gfe ofr€ oot | €
9°fT  O0°TT 00SST O06TIT | 0'6 Q-9 08€6  0OLTg |o°h 0Ot 0e2sh o6hh jo°€ 0°€ ofee oz€e 090T |Vt
0°ST §°2T 008ST 00¢€T | 06 o0°g 0996 0048 |0°Ss o°f .ommm 0leh |0°€ 0°f 09NE 0962 | 090T |v2
0°2T O°'TT 0062T OOQTT | 0°'g 0°'g OLEg 0298 JO°T S°N 09€h 00lh |s°€ 0°€ ONlE osef 00T (VL

Q tx Q =1 Q Q e} Q | Q =1 Q ] Q 53} Q =
T 8| & 4§ 4|18 flg gl§ §|§ §|§ F|eH|éE
ct ] ct [¢] ct [V] ct+ 0] ct [¢] ct 0] ct [V} ct [ =
A - T T A T T - S - RS
— = = = - = - 3 [ m - 2 ol = = | B o
2 2 2 2 r e 2 2| o|§
1
oT3'Y Tu/sTT8) oT3EY Tu/sTTeD oTaey | Tw/sTTen oTqey Tu/sTTe) E
yimoan unoy TTe) q3moay | qunod 1199 yimoay pumop TT9) y3moan Hpssoo T80 §
sfep Qz sfeq 12 sieq T sfeq } sfeq

FUSTQUY Uey3 JI83eSIp SPTOTH OT98ule)] UT BUSTSNY JO UYIMOID

XI 81qel

- 12 =



§8TQTSUSQUT PTOTJ oTqeudew jusaafJIp XIS Bulgeaoco ‘seanqTno g Jo aderaay °T
(ORI ES G+2T |oognT 00€CT 0'6 0°g 0056 00.8 0*s 0°Y 0TTS 0991 0*'¢ 0°¢ om:m 02TE | 090T
(@] [xal] (@) =] (@) =1 (@] = Q = (@] (@] = (@] =
g 518 £l ¢ 5| ¢ E|l¢ 5| § £ § | § £F|FE
ct 4] ct 0] cr (0] ct [0} ct+ [0] ct (0] lad [v] o ad [ Q ct
N S5 |5 f|§ E| & g| @ E|§ &|EB¢
I g e g et 3 et = [ g pael = — 3 = g g F
o o = 5 = 5 = 5
oT4Eg 1Moy 1189 oTjEd | 3UMo) T18) oTjed | Aumop TLeD oT7ed| 3uno) TTe)
Y3M0IH YMOID y3MoID ygMoID
sfeq ge sfeq T2 sfeq T sfeq | sfeq

SpTsTd ol%euldel TTV UT squawlaadxy TIV Jo e3edseay Telo] Surqusseadsy egeq peuTquon

X HI4VL

- 13 -




*(uoes oM} Jo seqeoTTdax oM}) STOJqUOD JnoF ayq Jo sdersae oyg squesaadst oam3TI STYL

* 8TOJI3U0D

oM} pue sjoudew XTs JO pogsTsuoco queulgadxe yoey -qsulew yoes Luedwoooe qou pIp SToIquoo ajeredag +Z
qeudew yoes JOJ S0JN3TNO OM} JO 88evIsAy °T
0°'T S0 OTT 9% 0T 0°¢ 98 09T 0-¢ S°1 0€2 0¢tT 18 adegoAy
pautquop
N ™™ N N AN ~
0 e mwﬂ oft S0 85 18 ¥9
0 43 ST omH. 50 99 18 9
0°T Sl 0°¢ 0LT 0°T 98 18 Y9
S°0 LE 0°¢ 0LT M€ 0le 8 b
o 92 0°2 09T ST 02T 18 2
0°'T 08 0°¢ 0LT 0°'T 00T 18 T
*Tquop  +dxg  cTquop -dxg | eTquop -dxg cTquon +dxg | *Tjuop dxm 5" TaU0D H.&ﬁ Tw/sTTe)| Jequmy
unTnoouy]| qsudel
O0Tley YjMmodp TW/sTT8) OT3eYd Y3MOIH Tw/sTTe) OT31eY YIMOoIh TW/sTTe) TerqTuUr
unoy TTe) jumoy TT8) unod TTe)
sfeq T2 sfeq NT sfeq | sfeq

QUOTqQUY UeYqd J93E8JdD) SPTOTJ OTISUSER UT UMQESTONUOIOTWTRTOW *J JO YIMOID

IX HI9VL




Q-B2375-L

Euglena - 50 - 100 microns
Chlorella - 20 - 30 microns
Colpidium - 50 -~ 100 microns
Paramecium 500 -~ 1000 microns

The original intent was to determine whether cell size has any
relationship to the biological effect induced by the very low magnetic
field and whether any cell-size differences could be observed between experimental
and control cultures after exposure to the low field.

Biological effects that are represented by the reduced data presented
in the previous section will be discussed below. However, at this time, any
differences in cell size between control and experimental cultures may be
dispensed with by noting that none were observed. At the time cell counts
were made, cell size distribution was automatically plotted (using the Model B
Coulter Counter and Automatic Size Distribution Plotter). LIn no case could any
difference be detected for cell size and size distribution plot between the
experimental and control cultures.

Examination of the low magnetic field data shows a response in the same
direction for the various cell cultures used. This response is summarized in
Table XIT.

The cultures of Euglena showed a definite increase in growth rate when
maintained under conditions where the magnetic field is lacking. This increased
growth rate, as compared to control cultures, continued through 1l days, but then
the growth rate of controls increased so that by 21 days both the experimental
and control groups showed essentially similar growth ratios. This would seem

to indicate that the logarithmic phase of the growth curve is reached sooner

- 15 -
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TABLE XIT

Growth Response of Organisms to a "Zero" Magnetic Field

Days 7 Days 1} Days 21 Days
Cell Growth Ratio| Growth Rati h Rati
Size in TOW io oW atio Growth Ratio
Organism Microns| Exp. Contl.| Exp. Contl.| Exp. Contl.
Euglena 75 5.0 3.0 11.0 8.0 21.5  22.5
Colpidium 75 1.0 1.5 3.5 2.0 3.5 1.5
P. caudatum 750 0.5 0.5 3.0 3.0 0.5 0.5
P. multimicro-
cewolCaLWl 750 0.5 0.5 | 3.0 3.0 0.5 0.5
3 Days 5 Days 8 Days
Chlorella 25 2.0 2.5 2.0 2.5 3.0 2.5
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in the very low magnetic field than it is under control conditions. The
following graph indicates a possible growth reaction of cells in the very

low field.

wew Zero Magnetic Field
Control
L]

Cell Count

Days

A similar pattemof effect has been observed in cultures of
Colpidium. It is interesting to note, however, that both Euglena and Colpidium
are about the same size organism. Also, it should be pointed out that the
growth requirements are different for these two organisms: Euglena may be
classified as a plant since it contains chlorophyll and photosynthesizes whereas
Colpidium is an animal deriving its growth requirements from its nutrient medium.
Both species of Paramecium showed the same response. Population size
decreased from the original inoculum during the first week. After the culture
became established, growth progressed during the second week, and as the nutrients
in the medium became exhausted and metabolic end products accumulated, growth
diminished again in the third week. The same growth ratios occurred in
experimental and control groups indicating that, in this instance, the environmentalﬁ

differences had no effect. A similar type of response was observed in the

- 17 -
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algae, Chlorella, over a period of eight days. During this period no growth
differences were observed. Perhaps, i1f the cultures of Chlorella were con-

tinued for 21 days an effect might have been seen.

The failure of Paramecium to follow the patterns established by

Euglena and Colpidium might be due to two possible factors:

(1) There is a cell-size sensitivity which affects the response
to the magnetic environment.
(2) Other factors in the environment beyond the range of experimental
control.

Although this first premise looks inviting, it appears unlikely in
light of the results obtained with the clover and wheat seeds. After L8 hours,
a higher percentage of clover seeds germinated in the "zero" magnetic field
than in the ambient. Again this seems to indicate that the developmental process
is apparently accelerated in the absence of a magnetic field. Tables VI and
VII present data on the effect of pre-storage of seeds in the very low magnetic
field prior to germination. Those seeds pre-stored in the "zero" magnetic
environment for one month and then subsequently germinated in the same
environment showed a lower percentage germination (7L%) than those seeds not
pre-stored (ambient stored seeds), then germinated in the low magnetic
environment (89%). When germinated under control conditions, pre-storage
made no difference in percent germination (69% not pre-stored vs. 67% pre-stored).
Similarly pre-storage for three months made no difference in germination in the
control environment (Table VII). However, in the low magnetic field, the pre-
stored seeds had a lower percentage germinating than in the control environment,
and still less than the number of ambient stored seeds germinating in the

magnetic-field free environment (Table VII). These results seem to indicate that

- 18 -
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pre-storage of seeds has little consequence upon subsequent germination.
This might be expected since a plant seed is in a dormant state and therefore
tends to react more slowly, if at all, to its environment. (Conditions of
humidity and temperature which are important in maintaining seed viability during
storage are not being considered since these have been maintained constant.)

Because of the noted differences in numbers of seeds germinating,
further studies were initiated to determine the low magnetic field effects
upon the growth of seedlings. For this purpose wheat was used and wheat seeds
germinated and seedlings maintained for seven days under the conditions of the
experiment. After seven days, no difference in germination percentage between
experimental and control batches was observed.

A consistent difference was observed in the length of the growing shoots
and roots of the experimental plants compared to controls. The seedlings
grown in the low magnetic field were larger and more robust than the controls.
The differences noted may be graphically demonstrated in the following curves

which represent the size distribution of the seedlings.

wew ""Zero" Magnetic Field
== Control

Number of seedlings

Length in Millimeters

- 19 -
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These curves show a similar displacement toward greater growth in
the very low magnetic field grown seedlings as was seen in the growth curves
for Euglena.

From these data, there is more than just a general trend toward
growth enhancement in the very low fields. In those cases where close control
was exercised over the environmental variables (within limits of feasibility),
a reproducible pattern of increased growth in very low magnetic fields (less
than 1 milligauss) was observed. However, these data are considered inconclusive
at this time because exposure was of a relatively short duration. In none of
our previcus studies have we ever found an effect due to acute exposure. This
lack of effect in short term experiments had been previously repocrted for tissue
culture cell lines. In order to get the full impact of the low magnetic field
effect, plant studies must be done over a time period long enough to allow the
plants to mature and develop seeds and then these seeds germinated and grown
in the very low magnetic field. However, it should be pointed out that when
a size distribution of the wheat seedlings was made, the resultant plot was a
bimodal curve indicating that these wheat seeds were not from a homogeneous
pepulation. This heterogeneity may explain the failure to get similar data to
that obtained from the clover seed study.

Examination of the data obtained from magnetic fields greater than
ambient, results in a more complex situation. Complicating factors are
introduced by differences in magnetic field strength and gradients within

the field (field homogeneity).

- 20 -
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Q-B2375-4

Referring to Table X, examination of the growth ratios indicates
that magnetic fields greater than ambient tend to have an inhibiting effect
upon the population growth of cultures of Euglena over a period of 28 days.
However, examining the data in terms of field strength and homogeneity, a
similar pattern of effect still emerges but with some interesting overtones.
These data are summarized and presented in Table XIITI.

Practically no effect was observed for magnets 1A and 3 which
represent fields of LOO - 800 and of 250 - 375 oersteds respectively. The
greatest effect was seen for magnets 2A, 3A, LA, and 5 which represent fields
of 90 -120, 550 - 1100, 100 - 125, and 80 - 100 oersteds respectively. However,
these various field intensities represent a rather wide range of gradients.
Contour plots of these magnetic fields were drawn and presented in a previous
report (Q-B2375-3). For convenience at this time, the magnetic field

intensities and their gradients are summarized below:

Magnet No. Field Intensity Field Gradient
1 LOo - 800 ocersteds 30 - 70 oersteds/cm
1A LOO - 800 cersteds LO - 70 oersteds/cm
2 550 - 1100 oersteds 50 - 80 oersteds/cm
2A 90 - 120 oersteds 3 - L oersteds/cm
3 250 - 375 oersteds 10 - 18 ocersteds/cm
3A 550 - 1100 oersteds 50 - 90 oersteds/cm
L 250 - L0O oersteds 10 - 25 cersteds/cm
LA 100 - 125 oersteds 2 - 6 oersteds/cm
5 80 - 100 oersteds 1 - 2 oersteds/cm
SA 80 - 90 oersteds 1 - 2 oersteds/cm
6 90 - 120 oersteds 2 - L oersteds/cm
6A 1,00 - B800 oersteds 25 - 75 oersteds/cm
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Q-B2375-L
With the exception of magnet 3A which represents the highest field

intensity used, the magnetic fields that showed the greatest biological response

were those with the most homogeneity (Magnet 2A, 90 - 120 oersteds, gradient

3 - L oersteds/cm; Magnet LA, 100 - 125 oersteds, gradient 2 - 6 oersteds/cm;
Magnet 5, 80 - 100 oersteds, gradient 1 - 2 oersteds/cm). Is there a relation-
ship between field homogeneity and biological response? Based on these data,
no definite conclusions can be drawn. The response to the magnetic fields

of various field strengths and various gradients are less clear cut and

more difficult to explain than the effects observed in the very low fields.

Nevertheless, if the combined magnetic field data are used (Table X), then
there is a clear indication of growth inhibition in higher than ambient
magnetic fields.

For purposes of discussion, the growth ratios for cultures of Euglena
exposed to high and very low magnetié fields are compared in Table XIV (data
from Table X and Table XII).

These data may be represented pictorially in the following graph.
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Q-B2375-L

This graph may be interpreted by saying that removal of the normal magnetic
field results in a sudden increase in growth activity which may be the result
of either the elimination of the lag phase of a normal growth curve or a time
shift of the growth curve so that the logarithmic phase occurs earlier. The
stationary phase may be abbreviated with the death phase occurring sooner.

Thus by 21 days, the population of Euglena in the very low magnetic field shows

a lower growth ratio than the controls. On the other hand, in a higher

than ambient magnetic field, the growth curve proceeds at a normal rate, but
since there is an inhibition of growth after seven days, it might be conjectured
that the logarithmic phase of growth is shortened, the stationary phase begins
earlier and is abbreviated with a slowly developing death stage ensuing. This

entire process may be schematically represented in the following diagram.
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This explanation of the results reconciles the differences observed
between "zero" magnetic field and control cultures and between higher than
ambient magnetic field and control cultures. Unfortunately, however, based
on these data, no mechanistic explanation may be offered at this time. To
relate these results to a functional process would require another series of
studies probing the biochemical and biophysical properties of the cells under
the experimental environmental conditions.
SUMMARY

A series of biological specimens, both plant and animal, simple and
complex, have been exposed to magnetic fields of varying intensities varying from
near zero (less than one milligauss) to higher than ambient (1100 cersteds
maximum). The general effect seems to be one of growth acceleration in the
very low field; in the higher than ambient fields, there is an indication of
growth inhibition. The high magnetic field results compare favorably with those
reported by other investigators. Since this is the firsl study dome in the near
"zero" field, the results are interesting in that growth acceleration seems to

be induced as a result of relatively long-term exposure. A possible explanation

M. H. Halpern, Ph.l.
Principal Life Sciemtist
Bio-Instrumentation Lab

for these effects is presented.
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